Introduction
============

Scientists have focused on making advanced materials with functionalities that respond to external stimuli.[@cit1] A promising method that has been rapidly developed is the post-synthetic modification (PSM) of coordination polymers.[@cit2]--[@cit5] One particularly interesting type of PSM is the single-crystal to single-crystal (SCSC) structural transformation *via* a photochemical \[2 + 2\] cycloaddition reaction.[@cit6]--[@cit11] The stereoselective photodimerization of olefins can proceed in the solid-state if the reactive C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C bonds are parallel and separated by less than 4.2 Å.[@cit12],[@cit13] This results in the modulation of physical properties, such as magnetism,[@cit14]--[@cit17] photoluminescence,[@cit18] and conductivity,[@cit19],[@cit20] which has been previously reported.

Spin-crossover (SCO) compounds are fascinating advanced materials that can switch between high-spin (HS) and low-spin (LS) states under external stimuli (temperature, light, or pressure).[@cit21],[@cit22] More importantly, the population of SCO behavior in crystal lattice is highly dependent on the presenting elastic cooperativity between metal centers.[@cit23] As a result, slight structural perturbations, such as π-stacking, hydrogen bonding and van der Waals contacts, in the crystal lattice can significantly affect the cooperativity of SCO behavior such as abruptness, hysteresis and steps. For example, SCO properties are highly sensitive to anions, solvents or guests.[@cit24]--[@cit26] As a result, porous SCO metal--organic frameworks (MOFs) have been actively explored. Their SCO behaviors can be adjusted by guest adsorption and desorption.[@cit27]--[@cit32] Moreover, successful covalent PSMs have been obtained through chemical reaction of an active guest,[@cit33] redox intercalation of a coordinatively unsaturated metal site,[@cit34],[@cit35] and chemical modification of a bridging ligand.[@cit36] However, the unreacted chemical reagents and solvents left in the pores can also affect SCO properties, which hinders the analysis on the modulation mechanism. PSM within the framework itself, without introducing other reagents, can prevent this problem. For example, some photochromic building units have been introduced into SCO systems to develop novel photo-responsive magnetic materials,[@cit37],[@cit38] such as the *cis*--*trans* photoisomerization of stilbenes[@cit39]--[@cit41] or azobenzenes,[@cit42] and the intramolecular photocyclization of dithienylethene.[@cit43]--[@cit46] The photochemical \[2 + 2\] cycloaddition reaction, which can induce drastic changes of structural dimensionality, the electronic conjugation and the supramolecular interaction, shall shows promising impacts on the SCO properties, but such challenging integration has not been reported.

In the present study, a regioselective photochemical \[2 + 2\] cycloaddition reaction was incorporated into the SCO framework for the first time ([Scheme 1](#sch1){ref-type="fig"}). After UV irradiation, two solvent-free SCO frameworks, \[Fe(4-spy)~2~{Ag(CN)~2~}~2~\] (**1**, 4-spy = 4-styrylpyridine) and \[Fe(2,4-bpe)~2~{Ag(CN)~2~}~2~\] (**2**, 2,4-bpe = *trans*-1-(2-pyridyl)-2-(4-pyridyl)ethylene), undergo quantitative SCSC photodimerization to produce \[Fe(*rctt*-4-ppcb){Ag(CN)~2~}~2~\] (**1′**, *rctt*-4-ppcb = *rctt*-1,3-bis(4-pyridyl)-2,4-bis(phenyl)cyclobutane, *r* = reference group, *c* = cis and *t* = trans) and \[Fe(*rctt*-2,4-tpcb-ht){Ag(CN)~2~}~2~\] (**2′**, *rctt*-2,4-tpcb-ht = *rctt*-1,3-bis(2-pyridyl)-2,4-bis(4-pyridyl)cyclobutane, ht = head-to-tail). A comprehensive study and discussion on the variations of structures and magnetic dynamics convincingly demonstrate the effectiveness of photochemical \[2 + 2\] reaction on tuning spin crossover magnetic responses.

![Strategy for the incorporation of a photochemical \[2 + 2\] cycloaddition into SCO Hofmann-type frameworks \[Fe(L)~2~{Ag(CN)~2~}~2~\].](c9sc02274k-s1){#sch1}

Results and discussion
======================

Compound **1** was obtained as orange block singe crystals through the slow diffusion of Fe(ClO~4~)~2~·6H~2~O, KAg(CN)~2~ and 4-spy ligand in EtOH solution. Replacing of 4-spy by 2,4-bpe ligand in the similar synthetic route gave the block single crystals of **2** with deeper color. Magnetic susceptibility measurements reveal hysteretic one-step and two-step SCO behaviors for **1** and **2**, respectively ([Fig. 1](#fig1){ref-type="fig"}). For **1**, *χ*~M~*T* values decrease gradually from 3.71 cm^3^ mol^--1^ K^--1^ at 300 K to 3.61 cm^3^ mol^--1^ K^--1^ at 250 K then decrease suddenly to 0.10 cm^3^ mol^--1^ K^--1^ at 180 K, indicating a complete SCO behavior ([Fig. 1a](#fig1){ref-type="fig"} and S1a[†](#fn1){ref-type="fn"}). The critical temperatures in the cooling and warming modes are 212 and 215 K (Table S1[†](#fn1){ref-type="fn"}), respectively, revealing a 3 K thermal hysteresis loop. Such hysteretic SCO property is further confirmed by the differential scanning calorimetry (DSC) measurement with exothermic and endothermic peaks at 207 and 210 K, respectively (Fig. S2a[†](#fn1){ref-type="fn"}). For **2**, obvious plateaus are observed in the range of 149--158 K (cooling mode) and 153--160 K (warming mode) ([Fig. 1b](#fig1){ref-type="fig"} and S3a[†](#fn1){ref-type="fn"}), corresponding to the HS~0.5~LS~0.5~ state. The critical temperatures are *T*~c1~↓ = 164 K, *T*~c1~↑ = 167 K, *T*~c2~↓ = 141 K and *T*~c2~↑ = 146 K, defining 3 and 5 K thermal hysteresis loops, respectively (Table S1[†](#fn1){ref-type="fn"}). Furthermore, DSC measurements (Fig. S4[†](#fn1){ref-type="fn"}) reveal peaks at *T*~c1~↓ = 161 K, *T*~c1~↑ = 166 K and *T*~c2~↓ = 138 K, *T*~c2~↑ = 146 K, which are consistent with the *T*~c~ values from the magnetic data.

![Magnetic susceptibility data for **1** (a, blue) and **2** (b, blue) and their photochemical \[2 + 2\] cycloaddition products **1′** (a, red) and **2′** (b, red).](c9sc02274k-f1){#fig1}

Variable-temperature single-crystal X-ray diffraction data were collected at 120, 212, and 260 K for **1** and 120, 155, and 185 K for **2** (Tables S3 and S4[†](#fn1){ref-type="fn"}). Compound **1** remains in the orthorhombic space group *Pbac*, and all the Fe([ii]{.smallcaps}) ions are crystallographically equivalent at all the measured temperatures. The average distance of Fe--N bond contracts from 2.157 Å at 260 K to 1.956 Å at 120 K (Table S5[†](#fn1){ref-type="fn"}), corresponding to a complete interconversion between HS and LS of the Fe([ii]{.smallcaps}) ions and matches well with the magnetic data. The structure at 260 K is described representatively in the following. Its asymmetric unit contains a half-occupied Fe([ii]{.smallcaps}) ion located at the inversion center, one \[Ag(CN)~2~\]^--^ ion and one 4-spy ligand (Fig. S5a[†](#fn1){ref-type="fn"}). The octahedral Fe([ii]{.smallcaps}) ions are bridged equatorially by four separate \[Ag(CN)~2~\]^--^ linkers to form rhombic \[Fe~4~{Ag(CN)~2~}~4~\] grids and then generate corrugated 2D \[Fe{Ag(CN)~2~}~2~\]~∞~ layers ([Fig. 2a](#fig2){ref-type="fig"}). Each Fe([ii]{.smallcaps}) ion is coordinated axially by two monodentate 4-spy ligands, resulting in a 2D Hofmann-type coordination polymer ([Fig. 2d](#fig2){ref-type="fig"}). The 4-spy ligands are disordered in two positions with a ratio of 66 : 34, suggesting the pendulum movement of the benzene rings.

![The \[Fe{Ag(CN)~2~}~2~\]~∞~ layer of **1** (a) and **1′** (b). An overlap between \[Fe{Ag(CN)~2~}~2~\]~∞~ layers of **1** (blue) and **1′** (red) (c) at 260 K indicates the slight structural reorganization of \[Fe~4~{Ag(CN)~2~}~4~\] grids. A view shows structural changes from 2D interdigitated layers of **1** (d) to the 3D interpenetrated structure of **1′** (e). The organic ligands in the middle layers are omitted for clarity. The distance between the center of C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C group are labeled and represented as black dashed lines.](c9sc02274k-f2){#fig2}

Moreover, it should be noted each \[Fe~4~{Ag(CN)~2~}~4~\] grid in the 2D layer possesses a rhombic window and is further threaded by two 4-spy ligands from adjacent upper and lower layers, respectively, giving the interdigitation of layers (Fig. S6a--d[†](#fn1){ref-type="fn"}). The shortest interlayer Ag([i]{.smallcaps})···Ag([i]{.smallcaps}) distance is 7.40 Å, indicating the absent of argyrophilic interaction which is usually observed in 2D or 3D Hofmann-type SCO compounds. Offset face-to-face π···π interactions are observed between the benzene and pyridine rings, with dihedral angles of 13.6° and 9.2° for the two disordered ligands and a centroid-to-centroid distance of 4.01 Å at 260 K (Fig. S7a and Table S6[†](#fn1){ref-type="fn"}). Most importantly, the center-to-center distances between the parallel ethylene groups of the two disordered 4-spy ligands are 3.97 and 3.84 Å, which satisfies Schmidt\'s photochemical \[2 + 2\] cycloaddition reaction criteria (\<4.2 Å).[@cit12],[@cit13]

Compound **2** crystalizes in the monoclinic space group *P*2~1~/*c*, and only one crystallographically independent Fe([ii]{.smallcaps}) ion is observed at 120 and 185 K. The coordination environment around the Fe([ii]{.smallcaps}) ion is similar to that in **1** (Fig. S8a[†](#fn1){ref-type="fn"}). Instead of 4-spy in **1**, the 4-pyridyl unit of 2,4-bpe ligand is axially coordinated to the Fe([ii]{.smallcaps}) ion in **2**. The average Fe--N distances (Table S7[†](#fn1){ref-type="fn"}) are 1.967 Å (120 K) and 2.174 Å (185 K), corresponding to the LS and HS states, respectively. Moreover, each \[Fe~4~{Ag(CN)~2~}~4~\] grid is threaded by two 2,4-bpe ligands from neighboring layers with offset π···π interactions between the pyridine rings (Fig. S9a[†](#fn1){ref-type="fn"}). The distance between the centers of the C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C groups of the 2,4-bpe ligands is 3.91 Å at 185 K, indicating the possibility of photo-dimerization reaction. Notably, the 2-pyridyl groups of the two trapped 2,4-bpe ligands further coordinate to Ag([i]{.smallcaps}) ions on the opposite edges of the \[Fe~4~{Ag(CN)~2~}~4~\] grid ([Fig. 3a](#fig3){ref-type="fig"}), generating a unique 3D Hofmann-type coordination polymer ([Fig. 3d](#fig3){ref-type="fig"}). A topological analysis with TOPOS 4.0 ([@cit47]) yields a (3,6)-connected *rtl* topological net (Fig. S10[†](#fn1){ref-type="fn"}). Due to the additional Ag([i]{.smallcaps})--N~py~ bond, the 2,4-bpe ligand is fixed, and no structural pendulum movement is observed. Moreover, the Ag(CN)~2~^--^ unit with a C--Ag([i]{.smallcaps})--C angle of 158.2(3)° in **2** at 185 K is more bent[@cit49] than that in **1**. When the temperature decreases from 185 to 155 K, symmetry breaking from *P*2~1~/*c* to *P*1\[combining macron\] is observed (Table S4[†](#fn1){ref-type="fn"}), together with a conversion from one to two crystallographically independent Fe([ii]{.smallcaps}) ions (Fig. S11 and S12[†](#fn1){ref-type="fn"}). The average Fe--N distances of the Fe1 and Fe2 ions are 1.960 and 2.165 Å, respectively, which is in good agreement with the intermediate HS~0.5~LS~0.5~ state observed in the magnetic data.

![The \[Fe{Ag(CN)~2~}~2~\]~∞~ layer of **2** (a) and **2′** (b). An overlap between \[Fe{Ag(CN)~2~}~2~\]~∞~ layers of **2** (blue) and **2′** (red) (c) indicates the drastic structural reorganization of \[Fe~4~{Ag(CN)~2~}~4~\] grids. A view shows the structural changes from 3D *rtl*-type structure of **2** (d) to the 3D interpenetrated structure of **2′** (e). The organic ligands in the middle layers are omitted for clarity. The Ag([i]{.smallcaps})--N~py~ bonds rings in **2** are highlighted as brown rods. The distance between the center of C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C group are labeled and represented as black dashed lines.](c9sc02274k-f3){#fig3}

Photochemical \[2 + 2\] cycloaddition reactions were performed by irradiating single crystals of **1** and **2** for three and four days, respectively, under an high-pressure mercury lamp (*P* = 500 W), which quantitatively yielded the photoproducts **1′** and **2′**, respectively, *via* a SCSC transformation. The single crystals of **1** remained intact during the whole irradiation process. The photochemical reaction process can be directly monitored *via* the crystal color change from orange to light gray ([Fig. 4a](#fig4){ref-type="fig"}). In contrast, the single crystals of **2** are cracked into pieces with color change from orange to light gray (Fig. S13[†](#fn1){ref-type="fn"}) after 4 days, in which some pieces still keep the single crystal properties. In consistent with the observed photochromic effect of the crystals after irradiation, both photoproducts show the obvious decrease of absorption in the visible region (Fig. S14[†](#fn1){ref-type="fn"}).

![Single crystal pictures of **1** under the exposure of high-pressure Hg lamp (*P* = 500 W) at different irradiation times, showing obvious color change from orange to light gray.](c9sc02274k-f4){#fig4}

Further ^1^H NMR spectra measurement of the digestion products of **1′** and **2′** in *D*~6~-DMSO reveal 99% and 95% conversions of the 4-spy ligands to *rctt*-4-ppcb and the 2,4-bpe ligands to *rctt*-2,4-tpcb-ht. The signal at 4.60 ppm corresponds to the C--H protons of the cyclobutane ring in *rctt*-4-ppcb ([Fig. 5](#fig5){ref-type="fig"}). Meanwhile, the signals at 4.78 and 4.84 ppm are the characteristic signals of the cyclobutane protons of *rctt*-2,4-tpcb-ht, indicating a regioselective ht \[2 + 2\] photocycloaddition (Fig. S15[†](#fn1){ref-type="fn"}). The IR spectra (Fig. S16[†](#fn1){ref-type="fn"}) also show the disappearance of the C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C--H out-of-plane bending vibrations at 967 cm^--1^ (978 cm^--1^) for **1** (**2**) and appearance of the saturated C--H stretching vibrations at 2934 cm^--1^ (2928 cm^--1^) for **1′** (**2′**), respectively. The PSM processes are further supported by the powder X-ray diffraction patterns (Fig. S17 and S18[†](#fn1){ref-type="fn"}). To the best of our knowledge, a photochemical \[2 + 2\] cycloaddition reaction based on an Fe([ii]{.smallcaps}) coordination compound has not been previously reported.

![^1^H NMR spectra of the framework digestion products of **1** (a) and **1′** (b).](c9sc02274k-f5){#fig5}

The regioselective \[2 + 2\] photocycloaddition is clearly confirmed by the single-crystal analysis (at 120, 178, and 260 K for **1′** and 90, 185, and 300 K for **2′**). After the UV irradiation of **1**, the space group *Pbac* is retained with comparable unit cell dimensions. The main change is that the two 4-spy ligands trapped in each \[Fe~4~{Ag(CN)~2~}~4~\] grid are dimerized to form a bis-monodentate *rctt*-4-ppcb ligand, which bridges the upper and lower layers to form a twofold-interpenetrated 3D framework with *pcu* topology ([Fig. 2e](#fig2){ref-type="fig"} and S6e--h[†](#fn1){ref-type="fn"}). Therefore, a 2D → 3D SCSC photochemical transformation has been achieved. Accordingly, due to the geometric restrictions of the cyclobutane ring with sp^3^ hybridization, the dihedral angle between the benzene and the pyridine rings changes from 13.6° to 41.5° at 260 K (Table S6[†](#fn1){ref-type="fn"}). Meanwhile, offset face-to-face π···π interactions between the trapped 4-spy ligands in **1** are replaced by edge-to-face π···π interactions between the intermolecular *rctt*-ht substituted cyclobutanes in **1′** (Fig. S7b[†](#fn1){ref-type="fn"}). The comparison of 2D fingerprint plots between **1** and **1′** further confirm the different supramolecular interaction ([Fig. 6](#fig6){ref-type="fig"}).[@cit50] Obviously, as revealed by the 2D fingerprint plots of C···C contacts, the blue region around *d*~e~ ≈ *d*~i~ ≈ 1.8 Å in **1** ([Fig. 6a](#fig6){ref-type="fig"}) is absent in **1′** ([Fig. 6c](#fig6){ref-type="fig"}), corresponding to the losing of π···π stacking between the aromatic rings.[@cit51] Meanwhile, the positions of the 'wings' in the fingerprint plots, which correspond to C--H···π interactions become more visually dominant in **1′**([Fig. 6b](#fig6){ref-type="fig"}) than **1** ([Fig. 6d](#fig6){ref-type="fig"}), suggesting an additional contribution from edge-to-face π···π interactions.

![The 2D fingerprint plots of C···C contacts (a, c) and C···H contacts (b, d) for **1** (a, b) and its photoproduct **1′** (c, d).](c9sc02274k-f6){#fig6}

A regiospecific \[2 + 2\] photodimerization is also achieved during the **2** → **2′** process, which forms the *rctt*-2,4-tpcb-ht link. Interestingly, the Ag([i]{.smallcaps})--N~py~ bond between the Ag([i]{.smallcaps}) ion and the 2-pyridyl unit in **2** is broken in **2′** (Ag···N = 3.15 Å at 300 K) ([Fig. 3b](#fig3){ref-type="fig"}), which should be resulted from the geometric restriction of *rctt*-2,4-tpcb-ht ligand. Moreover, it is found the pyridine rings of the bridging ligand is disordered with a 50 : 50 ratio (Fig. S8b[†](#fn1){ref-type="fn"}). Similar to *rctt*-4-ppcb ligand in **1′**, the dihedral angles between two adjacent pyridine units are changed to 46.9 and 45.1° at 300 K for two disordered parts (Table S6[†](#fn1){ref-type="fn"}), leading to edge-to-face π···π interactions between *rctt*-4-ppcb ligand (Fig. S9b[†](#fn1){ref-type="fn"}). Thus, a twofold-interpenetrated 3D framework with a *pcu* net is also formed in **2′** (Fig. S10e--h[†](#fn1){ref-type="fn"}). As far as we know, this represents the first example of a 3D → 3D SCSC photochemical transformation associated with bond breaking.

Magnetic susceptibility measurements reveal that the SCO behaviors are dramatically modulated by the photochemical \[2 + 2\] cycloaddition reaction. The spin transition curve of **1′** is more gradual and occurs at a lower temperature compared to that of **1** ([Fig. 1a](#fig1){ref-type="fig"}). In contrast to the one-step hysteresis of **1**, two-step hysteretic SCO (*T*~c1~↓ = 190 K, *T*~c1~↑ = 194 K, *T*~c2~↓ = 166 K and *T*~c2~↑ = 169 K) without an obvious plateau is observed in **1′**. This is further confirmed by the DSC measurements (*T*~c1~↓ = 193 K, *T*~c1~↑ = 198 K, *T*~c2~↓ = 165 K and *T*~c2~↑ = 167 K, Fig. S2b[†](#fn1){ref-type="fn"}). For **2′**, an incomplete, gradual and one-step SCO (*T*~c~ = 162 K) without a hysteretic loop is observed ([Fig. 1b](#fig1){ref-type="fig"}), which is dramatically different from the complete, abrupt, and two-step SCO with a hysteretic loop in **2**. Therefore, not only the spin transition temperatures but also the character of the SCO can be effectively adjusted by the photochemical \[2 + 2\] cycloaddition reaction.

The average Fe--N distances of **1′** and **2′** at different temperatures are consistent with their magnetic states. Furthermore, the variation in the unit cell parameters of **1′** and **2′** are consistent with the magnetic curves (Fig. S20--S23[†](#fn1){ref-type="fn"}). Thus, the different SCO properties after the cycloaddition reaction are intrinsic to the electronic and structural properties of the materials rather than to the crystal lattice defects.[@cit52] At first glance, the *T*~c~ values of **1′** are shifted to lower temperatures. By considering the structural aspect, **1′** possesses the longer Fe--N~av~ distance (2.181 Å) and smaller Fe--N--C angle (164.4°) at 260 K than those in 1 (2.157 Å and 165.4°, Table S5[†](#fn1){ref-type="fn"}), which provide a smaller ligand field and tend to decrease the *T*~1/2~ value. By considering the electronic aspect, the π-accepting ability is decreased in **1′** when changing from an ethylene group to a cyclobutane ring, which results in a reduced ligand field to decrease the *T*~1/2~ value. Therefore, both the structural and electronic effects support the lower spin transition temperature in **1′**. Meanwhile, the contribution to the SCO cooperativity from weaker π···π interactions after the cycloaddition reaction ([Fig. 6](#fig6){ref-type="fig"} and Table S6[†](#fn1){ref-type="fn"}) outcompetes the formation of the flexible linker and results in the gradual SCO in **1′**.[@cit24],[@cit53]

For **2** → **2′**, the average Fe--N distance decrease from 2.174 Å (185 K) to 2.145 Å (300 K) in the HS state, which hint a higher *T*~1/2~ value in **2′**. Moreover, the breaking of the Ag--N~py~ bond after the cycloaddition reaction results in a more regular rhombic \[Fe~4~{Ag(CN)~2~}~4~\] grid ([Fig. 3a--c](#fig3){ref-type="fig"}). The Fe--N--C and C--Ag--C angles change from 164.7° and 158.2° in **2** at 185 K (HS state) to 168.8° and 175.9° in **2′** at 300 K (HS state) (Table S7[†](#fn1){ref-type="fn"}), respectively, which tend to increase the *T*~1/2~ value. However, the decreased π-accepting ability in **2′** when changing from an ethylene group to a cyclobutane ring results in a weaker ligand field and tend to decrease the *T*~1/2~ value. Therefore, competition between the electronic and structural effects results in the small change of *T*~1/2~ from 155 K (**2**) to 162 K (**2′**). As for the SCO cooperativity, the contribution from weaker π···π interactions outcompetes the formation of the flexible linker after the cycloaddition reaction. Moreover, the loss of the Ag--N~py~ bond also decreases the SCO cooperativity for **2** → **2′**. Therefore, only an incomplete and gradual SCO behavior is observed in **2′**.

Conclusions
===========

In summary, for the first time, we successfully integrate photochemical \[2 + 2\] cycloaddition reaction into the SCO magnetic systems. After UV irradiation, a SCSC transformation from 2D interdigitated layers to a 3D interpenetrated structure is achieved in **1** → **1′**. Meanwhile, a 3D → 3D photochemical transformation associated with Ag--N~py~ bonds breaking during the conversion from **2** to **2′** is firstly observed. Moreover, it is found the spin transition temperatures and characters, such as abruptness, hysteresis and steps, were obviously changed due to a series of structural and electronic perturbations caused by the dimerization reaction of photoreactive ligand, demonstrating the effective modulation of SCO behaviors. This work develops a new photochemical modulation mechanism for spin crossover materials by the \[2 + 2\] cycloaddition reaction, with high quantum efficiency, stable photoproducts and intact crystallinity. Such strategy not only extends the potential application of photochemical reactions in multifunction materials but also open up a new area in the designing of photo-responsive magnetic materials. Further work focused on improving performance, *e.g.* response speed and reversibility, of such photo-responsive SCO materials is on progress.

Experimental
============

Materials and methods
---------------------

All the reagents were commercially available and used as received. The solid UV-visible absorption data were collected in the range of 4000--400 nm on a Shimadzu UV-3600Plus UV/VIS/NIR spectrometer. The FT-IR spectra were recorded in KBr tablets in the range of 4000--400 cm^--1^ on a Thermo Nicolet AVATAR 330 FT-IR spectrometer. The powder XRD patterns were recorded on a Rigaku Smartlab X-ray diffractometer with Cu~Kα~ (*λ* = 1.54178 Å) radiation. Thermogravimetric (TG) analyses were performed on a PerkinElmer TGA7 thermogravimetric analyzer in a N~2~ flow with a heating rate of 10 K min^--1^ from ambient temperature to 800 °C, with an empty Al~2~O~3~ crucible as reference. The C, H, and N microanalyses were performed for the dry crystals on an Elementar Vario-ELCHNS elemental analyzer. Differential Scanning Calorimetry (DSC) measurement was performed by cooling and heating the microcrystals sample in an aluminium crucible using a NETZSCH5, which was carried out at sweeping rate of 10 K min^--1^ under nitrogen. The ^1^H NMR spectra were recorded at ambient temperature on a Bruker advance III HD 400 spectrometer. ^1^H NMR chemical shifts were referenced to the solvent signal in DMSO-*d*~6~. The UV-irradiation experiments were conducted with a high-pressure mercury lamp with *P* = 500 W. Magnetic susceptibility measurements for the microcrystals samples (20--30 mg) were performed on a Quantum Design PPMS instrument operating in the range of 5--300 K and under a field of 1000 Oe. Diamagnetic correction was performed based on the Pascal\'s coefficients.

^1^H NMR experiments
--------------------

For the ^1^H NMR spectra measurement, the organic ligands in compounds **1**, **2** and their photoproducts are extracted through a reported framework digestion approach[@cit36] with slight difference.

20 mg samples were digested in 2 mL DMSO overnight to give a dark orange solution. The solution was layered onto CH~2~Cl~2~ (10 mL) and then washed with H~2~O for more than 5 times. The organic phase was separated and evaporated to give the solid, which was taken up in DMSO-*d*~6~ for analysis.

Synthesis
---------

\[Fe(4-spy)~2~{Ag(CN)~2~}~2~\] (**1**) was prepared through a vial-in-vial slow diffusion technique. A solution of Fe(ClO~4~)~2~·6H~2~O (0.05 mmol, 13 mg) in EtOH (1 mL) was placed in a 2 ml vial and a mixture of spy (0.1 mmol, 18 mg) and KAg(CN)~2~ (0.1 mmol, 20 mg) in EtOH (1 mL) were placed in a 15 ml vial. The small vial was placed in the large one and then both of them were slowly filled with ethanol. Orange block crystals were collected after about two weeks. Yield: 63%. Anal. calcd for C~30~H~22~Ag~2~FeN~6~: C, 48.82; H, 3.00; N, 11.39. Found: C, 48.73; H, 3.11; N, 11.42.

\[Fe(2,4-bpe)~2~{Ag(CN)~2~}~2~\] (**2**) was prepared in the same way as described in **1** except that 4-spy ligand was replaced by the 2,4-bpe ligand. Orange block crystals were collected after about two weeks. Yield: 76%. Anal. calcd for C~28~H~20~Ag~2~FeN~8~: C, 45.44; H, 2.72; N, 15.14. Found: C, 45.36; H, 2.78; N, 15.04.

\[Fe(*rctt*-4-ppcb){Ag(CN)~2~}~2~\] (**1′**) was obtained through the UV irradiation of **1** for 3 days under a high-pressure mercury lamp with *P* = 500 W, which was further confirmed by the SC-XRD structural analyses, PXRD patterns, IR spectra and ^1^H NMR spectra measurements. Anal. calcd for C~30~H~22~Ag~2~FeN~6~: C, 48.82; H, 3.00; N, 11.39. Found: C, 48.67; H, 2.93; N, 11.43.

\[Fe(*rctt*-2,4-tpcb-ht){Ag(CN)~2~}~2~\] (**2′**) was obtained through the UV irradiation of **2** for 4 days under a high-pressure mercury lamp with *P* = 500 W, which was further confirmed by the SC-XRD structural analyses, PXRD patterns, IR spectra and ^1^H NMR spectra measurements. Anal. calcd for C~28~H~20~Ag~2~FeN~8~: C, 45.44; H, 2.72; N, 15.14. Found: C, 45.56; H, 2.81; N, 15.22.

X-ray crystallography
---------------------

Single-crystal diffraction data were recorded on a Bruker D8 QUEST diffractometer with Mo~Kα~ (*λ* = 0.71073 Å) radiation in sequence at 260 K, 212 K, 120 K for **1**, 260 K, 178 K, 120 K for **1′** and 300 K, 185 K, 90 K for **2′**. Single-crystal diffraction data of **2** were recorded on a Rigaku XtaLAB Synergy R diffractometer with Cu~Kα~ (*λ* = 1.54178 Å) radiation in sequence at 185 K, 155 K and 120 K. The crystal structures were solved by direct methods, and all non-hydrogen atoms were refined anisotropically by least-squares on *F*^2^ using the SHELXTL 2014/7 program.[@cit54] Hydrogen atoms on organic ligands were generated by the riding mode. The responses to the alerts from checkCIF are quoted within the validation response form. CCDC ; [1897816](1897816) (260 K), ; [1897817](1897817) (212 K), ; [1897818](1897818) (120 K), for **1**, ; [1897822](1897822) (260 K), ; [1897823](1897823) (178 K), ; [1897824](1897824) (120 K), for **1′**, ; [1897819](1897819) (185 K), ; [1897820](1897820) (155 K), ; [1897821](1897821) (120 K) for **2** and ; [1897825](1897825) (300 K), ; [1897826](1897826) (185 K), ; [1897827](1897827) (90 K) for **2′** contain the supplementary crystallographic data for this paper.[†](#fn1){ref-type="fn"}
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